Pairwise interactions in proteins can be detected and, in certain circumstances, their strength measured by applying the method of double-mutant cycles. Such cycles comprise wild type protein, two single mutants and the corresponding double mutant The analysis of double-mutant cycles is most straightforward when the mutations are to alanine since interactions are mostly removed without new interactions being formed. Here, 'not-to-alanine' double-mutant cycles are analysed. It is shown that a 'not-to-alanine' double-mutant cycle can be decomposed into four doublemutant cycles with mutations only to alanine. The coupling energy corresponding to the 'not-to-alanine' double-mutant cycle is expressed as a function of the coupling energies of these four cycles. Keywords: double-mutant cycles/mutagenesis/protein engineering Pairwise interactions between different residues in proteins can be detected and, in certain favourable circumstances, also measured by applying the method of double-mutant cycles (Carter et al, 1984). If the effect (on stability or binding) of the double mutation is not equal to the sum of effects of the two single mutations then the two residues are coupled (Horovitz and Fersht, 1990). Both intramolecular (see, for example, Serrano et al., 1990; Marqusee and Sauer, 1995) and intermolecular (see, for example, Krylov etai, 1994; Schreiber and Fersht, 1995) interactions in proteins have previously been studied using the double-mutant cycle method. Double-mutant cycles were also used in order to identify pairwise interactions between ligand (peptide inhibitor) residues and receptor (a K + ion channel) residues in the absence of a known structure of their complex (Hidalgo and MacKinnon, 1995).
Pairwise interactions between different residues in proteins can be detected and, in certain favourable circumstances, also measured by applying the method of double-mutant cycles (Carter et al, 1984) . If the effect (on stability or binding) of the double mutation is not equal to the sum of effects of the two single mutations then the two residues are coupled (Horovitz and Fersht, 1990) . Both intramolecular (see, for example, Serrano et al., 1990; Marqusee and Sauer, 1995) and intermolecular (see, for example, Krylov etai, 1994; Schreiber and Fersht, 1995) interactions in proteins have previously been studied using the double-mutant cycle method. Double-mutant cycles were also used in order to identify pairwise interactions between ligand (peptide inhibitor) residues and receptor (a K + ion channel) residues in the absence of a known structure of their complex (Hidalgo and MacKinnon, 1995) .
Ideally, the mutations in a double-mutant cycle should remove the interaction under study without adding new interactions or significantly perturbing the protein structure. Solvent exposed interacting side chains have, therefore, usually been replaced by alanine (see, for example, Serrano et al., 1990; Marqusee and Sauer, 1995) . In some studies, however, the mutations that form the double-mutant cycle are not to alanine (see, for example, Hidalgo and MacKinnon, 1995) . In addition, there are cases when it is not possible to use alanine as a reference mutant state. For example, buried residues may need to be replaced by bulky amino acids in order to prevent formation of destabilizing cavities. In such 'not-to-alanine' double-mutant cycles the effect of a mutation at one position may still be sensitive to the identity of the residue at the second position thus reflecting an interaction between the two positions. The physical meaning of the coupling in such double-mutant cycles is, however, not obvious. Is the coupling energy in such cycles a measure of the interaction between the two wild type residues (e.g. residues i andy in Figure 1A ) or is it a measure of the interaction between these residues relative to the pair of residues in the double-mutant (residues k and / in Figure 1A) ? Here, we discuss the physical meaning of the coupling in such 'not-to-alanine' double-mutant cycles and show that neither of the above simple interpretations is correct.
Consider, for example, two residues, i and j, that contribute to a functional or structural property of a protein. The change in free energy associated with this property upon mutation of residue i may be expressed relative to wild type protein as AG y _> kj . Similarly, the change in free energy upon mutation of residue i when residue j has already been mutated to / is AG,i _, u . If the effects of the two mutations are not independent of each other then AGy _» ^ ^ AG, 7 _> u . The free energy of coupling for the cycle in Figure 1A is given by
where AG(a,b) is the free energy of some process (e.g. binding or unfolding) of a protein with residues a (= / or k) and b (= j or 0 at two defined positions in its sequence. In order to interpret the cycle in Figure 1A each mutation X -> Y is broken into two steps: X -» Ala (= 0) -> Y. The overall change in free energy on going from X to Y remains the same since AG is a function of state. By introducing an alanine reference state, the double-mutant cycle in Figure 1A is transformed into four double-mutant cycles in which all the mutations are to alanine ( Figure IB) . The coupling free energies, AAG im , for the four cycles in Figure (2)- (5) one may express the coupling energy corresponding to the cycle in Figure 1A as follows: The AAG terms on the right-hand side of equation (6) are the coupling free energies of the corresponding double-mutant cycles in Figure IB . The coupling energy corresponding to the cycle in Figure 1A is, therefore, equal to the coupling energies of the residues in the wild type (i and/) and the double mutant (k and /) minus the coupling energies of the residues in the two single mutants (/' and /; k and j) all relative to the alanine pair (0,0). Since the four coupling energies in equation (6) may cancel each other out, the pairwise interaction of interest may remain undetected or its strength wrongly estimated. It should be noted that the interaction between residues /' andy relative to residues k and / is given just by AAGj nt (I) -AAG int (TV). In other words, the reference state in the cycle shown in Figure 1A is not simply residues k and / in the double mutant but is as shown in equation (6). Unfortunately, as mentioned above it is not always possible to use alanine as a reference mutant state. Thus, not-to-alanine double-mutant cycles may need to be invoked but their interpretation should be made with extra caution.
